The high-temperature limit for growth of microorganisms differs greatly depending on their species and habitat. The importance of an organism's ability to manage thermal stress is reflected in the ubiquitous distribution of the heat shock chaperones. Although many chaperones function to reduce protein folding defects, it has been difficult to identify the specific protein folding pathways that set the high-temperature limit of growth for a given microorganism. We have investigated this for a simple system, phage P22 infection of Salmonella enterica serovar Typhimurium. Production of infectious particles exhibited a broad maximum of 150 phage per cell when host cells were grown at between 30 and 39°C in minimal medium. Production of infectious phage declined sharply in the range of 40 to 41°C, and at 42°C, production had fallen to less than 1% of the maximum rate. The host cells maintained optimal division rates at these temperatures. The decrease in phage infectivity was steeper than the loss of physical particles, suggesting that noninfectious particles were formed at higher temperatures. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis revealed a decrease in the tailspike adhesins assembled on phage particles purified from cultures incubated at higher temperatures. The infectivity of these particles was restored by in vitro incubation with soluble tailspike trimers. Examination of tailspike folding and assembly in lysates of phage-infected cells confirmed that the fraction of polypeptide chains able to reach the native state in vivo decreased with increasing temperature, indicating a thermal folding defect rather than a particle assembly defect. Thus, we believe that the folding pathway of the tailspike adhesin sets the high-temperature limit for P22 formation in Salmonella serovar Typhimurium.
Microorganisms have been detected in almost every climate on Earth, from the extreme heat and pressure of hydrothermal vents to the exposed rocks of frozen Antarctica. However, optimal growth is generally limited to a defined temperature regime characteristic of the habitat. Examination of the growth rates of microorganisms with respect to temperature reveals a clear pattern. The majority of organisms exhibit growth rates that slowly increase with rising temperature until a maximum growth rate is achieved. They then exhibit a sharp decline once the optimal temperature has been exceeded (24, 25) . Many factors that contribute to the decline of the growth rate at higher-than-optimal temperatures have been identified, including lipid membrane stability (4, 33) , rates of DNA synthesis and repair (10, 32) , rate of protein synthesis (11) , and protein misfolding (18, 28) . However, it has generally been difficult to determine which factor sets the high-temperature growth limit. Environmental temperatures around the globe are increasing far more rapidly than documented rates of evolutionary change (see http://lwf.ncdc.noaa.gov/img/climate /research/anomalies/triad_pg.gif). Thus, it is becoming increasingly important to understand the processes that contribute to thermal limitation of growth.
A significant part of the thermal stress response is the induction of heat shock chaperones (12) . These specialized proteins are capable of binding some species of misfolded and aggregated polypeptide chains, in some cases shifting folding from an unproductive aggregation pathway to the productive native pathway. However, as the temperature increases, chaperones become less capable of buffering the cell against the accumulation of misfolded proteins (12, 13, 24) . Phage proteins, like cellular proteins, may or may not be recognized by the host's heat shock proteins. Temperature-sensitive-folding (tsf) mutants of the coat protein of phage P22 are rescued by overexpression of the GroEL and GroES chaperones (16, 17) . However, P22 phage with similar tsf mutations in the tailspike do not appear to be aided by the GroEL/ES chaperone (8, 17) . Some phage possess their own chaperones, which after infection are synthesized and provide nascent peptide chains with some measure of protection against aggregation induced by high intracellular protein concentrations and excessive heat (40) . In Escherichia coli, phages T4 and both possess their own chaperones (23, 43) . The ability of heat shock proteins to alleviate the aggregation of some polypeptide chains and not others increases the difficulty of determining which substrate pathway sets the growth limit at high temperatures.
Elucidation of the limiting process during high-temperature growth with respect to the folding of proteins cannot be attained by examination of the properties of mature proteins, since the properties of folding peptide chains are quite different from those of native folds. For example, the highly thermostable tailspike adhesin of phage P22 exhibits thermolabile folding intermediates (labeled "partially folded monomer" in Fig. 1A ) (29, 39) .
We have examined the issue of growth limitation at high temperature for Salmonella enterica serovar Typhimurium infected by phage P22. This model system has several characteristics that make it particularly appropriate for the study of this problem. The assembly of structural proteins of P22 has been FIG. 1. Folding and assembly of the P22 tailspike and assembly of P22 virions. (A) Unfolded or nascent polypeptide chains proceed to some partially folded monomeric state. On the productive folding pathway, two such chains associate to form a partially folded dimer. The addition of a third chain creates a protrimer intermediate whose chains are associated but not fully folded. The protrimer undergoes chain rearrangement resulting in the native structure. At higher temperatures, the partially folded monomeric species is perturbed, preventing the formation of the productive dimer and allowing the formation of multimeric aggregates. These large aggregates form inclusion bodies within the cell. All species of tailspike, with the exception of the native trimer, are sensitive to SDS. Tm, thermal denaturation midpoint temperature. (B) After synthesis, the coat, scaffolding, portal, and pilot subunits form a nucleus of the procapsid shell. Coat and scaffolding subunits rapidly add on to the nucleus, forming the completed procapsid. Viral DNA, with the help of packaging proteins, is driven into the procapsid, and the scaffolding protein is ejected through the pores of the procapsid shell. The procapsid undergoes an irreversible expansion to the mature capsid, while DNA is pumped into the procapsid. After the encapsulation of the phage DNA, the neck and tailspike proteins attach to form the infectious mature virion.
well characterized (Fig. 1B) . During the first stage, coat and scaffolding subunits and auxiliary proteins bind together to form a spherical procapsid. Phage DNA then enters the head through the portal complex, while the scaffolding protein exits the procapsid via pores in the shell. The DNA-filled procapsid undergoes an irreversible conformational change, expanding to the familiar icosahedral shape.
After attachment of the neck proteins, the tailspike trimer binds irreversibly to the capsid, conferring infectivity (26) . The lateral surface of the tailspike recognizes and binds to the Salmonella lipopolysaccharide (LPS) projecting from the host cell surface (37) . The intermediates in tailspike folding and assembly have been characterized (Fig. 1A) . The tailspike adhesin, which has endorhamnosidase activity, binds the LPS in a cleft between two loop domains and cleaves it between rhamnose and galactose moieties (2, 27, 37) .
Native tailspike homotrimers exhibit resistance to denaturation by sodium dodecyl sulfate (SDS) detergent, proteases, and temperatures up to 88°C, denaturing only in the presence of SDS at high temperatures. However, the tailspike folding process has been shown to be highly heat labile (15, 22, 36) , resulting in the shifting of chains off the productive pathway at high temperatures to accumulate as inclusion bodies (Fig. 1A) . These two properties, high thermostability of the native structure and thermolability of folding intermediates, make it possible to monitor the intracellular folding and assembly of the tailspike.
Early observations of P22 particles produced at high temperatures revealed a deficiency in the quantity of tailspike adhesins attached to phage heads (26) . The in vivo and in vitro folding process of the tailspike's parallel ␤-helix motif has been demonstrated to be highly thermolabile, with significant loss of native tailspike protein beginning at temperatures as low as 35°C (22) . This suggested that the loss of infectious particles at the high end of P22's physiological temperature range was due to the misfolding of the tailspike adhesin and its subsequent inability to assemble onto fully formed P22 heads.
MATERIALS AND METHODS
Salmonella serovar Typhimurium strain DB7155 [sup ϩ hisC525(Am) leuA414(Am) SupE] was grown in M9 minimal medium supplemented with glucose (0.4%), yeast extract (0.01%), MgSO 4 (1 mM), FeCl 3 (1 M), and CaCl 2 (1 M); strain DB7136 [hisC525(Am) leuA414(Am)] was grown in the same medium additionally supplemented with histidine (0.0015%) and leucine (0.0015%). P22 strains 13 H101 (Am) C 1 7 (hereinafter referred to as P22) and 2 H200 (Am)/13 H101 (Am) C 1 7 (hereinafter referred to as P22 2 Ϫ ) were used. The amber mutation in gene 13 prolongs lysis of host cells, while the C 1 7 mutation prevents lysogeny. The gene 2 amber mutation prevents packaging of DNA into newly formed capsids and upregulates tailspike synthesis (1).
Growth curves. An overnight (O/N) culture of strain DB7155 was inoculated (1:50) into minimal medium at 30, 37, 39, 40, 41, 42, or 43°C and was continuously aerated during incubation. Samples were withdrawn over a 6-h period, serially diluted with dilution fluid (tryptone [1%], NaCl [0.7%], and MgSO 4 [2 mM]), and plated on Luria-Bertani (LB) agar (1.2%) medium at 30°C. After O/N incubation, colonies were counted manually.
Burst size. An O/N culture of strain DB7155 was inoculated (1:50) ratio into medium at 37°C and were grown with constant aeration to a concentration of 2 ϫ 10 8 cells/ml. Phage was added at a multiplicity of infection (MOI) of 10. After a 10-min adsorption period, infected cells were shifted to 30, 37, 39, 40, 41, 42, or 43°C. After cell lysis, which was evidenced by a significant loss of turbidity, phage were serially diluted in dilution fluid, mixed with soft LB agar and a few drops of plating bacteria, and plated on LB agar (1.2%) at 30°C. After O/N incubation, plaques were counted manually. Each titer was confirmed by three replicate experiments.
High-temperature P22 production and purification. An O/N culture of strain DB7136 (sup Ϫ ) was inoculated (1:10) into medium at 37°C and grown with constant aeration to a concentration of 2 ϫ 10 8 cells/ml. Phage were added to the culture at an MOI of 10. After a 10-min adsorption period, the infected cells were moved to 30, 37, 39, 40, 41, 42, or 43°C and incubated for 2 or 3 h, depending on the length of time required to lyse strain DB7155 at the same temperature. Cells were harvested by centrifugation at 5,000 ϫ g for 10 min and then resuspended in 1 ml of 50 mM Tris (pH 7.6)-100 mM MgCl 2 . Cells were lysed with CHCl 3 , and DNase I and phenylmethylsulfonyl fluoride were added to the lysates. Phage were pelleted by a low-speed spin at 8,000 ϫ g overnight and then resuspended at 4°C in 50 mM Tris-HCl (pH 7.6)-100 mM MgCl 2 . A 1-ml volume of each lysate was layered over a 16-ml CsCl step gradient ( ϭ 1.3, 1.4, 1.5, and 1.7) and ultracentrifuged at 4°C and 28,000 rpm in an SW 28.1 rotor for 4 h. A milky-white phage-containing band was observed between ϭ 1.4 and ϭ 1.5. A 1-ml volume of purified phage preparation was harvested and, using a Pierce dialysis cassette, dialyzed against two changes of 100 mM Tris (pH 7.6)-50 mM MgCl 2 .
Tailing assay. A 50-l volume of purified P22 particle preparation (obtained as outlined above) was mixed with 50 l (250 ng) of purified tailspike solution (purified as outlined by Haase-Pettingell et al. [20] ) or 50 l of dilution fluid and incubated at room temperature for 60 min. A 900-l volume of dilution fluid was added. Samples were then serially diluted and plated for determination of PFU at 30°C. Each titer was confirmed by three replicate experiments.
SDS-polyacrylamide gel electrophoresis (PAGE) quantification. Purified P22 samples were boiled in SDS buffer and loaded onto a 10% acrylamide gel containing SDS. The gels were electrophoresed at a constant 20 mA until the dye front ran off the end of the gel. Gels were silver stained, and tailspike and portal bands were quantified using ImageQuant software (Molecular Dynamics).
DNA-packaging-deficient P22 lysate production and analysis. A 100-ml volume of minimal medium supplemented with histidine (0.0015%) and leucine (0.0015%) was inoculated with 5 ml of a strain DB7136 culture. Once the culture density reached ϳ2 ϫ 10 8 cells/ml, P22 2 Ϫ phage were added at an MOI of 10. Phage were allowed to adsorb for 10 min, and then 10-ml volumes of the culture were shifted to each of the following temperatures: 30, 37, 39, 40, 41, 42, and 43°C. Cultures were incubated for 3 h, and then cells were harvested by centrifugation in an SS-34 rotor for 10 min at 7,000 rpm and 4°C. Cells were resuspended in 600 l of lysis buffer B (50 mM Tris-HCl [pH 8], 25 mM NaCl, 2 mM EDTA, 0.1% Triton-X) and frozen. Once thawed, samples were sonicated with a Microson XL benchtop sonicator (Misonix) for 30 s each to disrupt DNA and any cells remaining after the freeze-thaw step. SDS sample buffer was added, and samples were electrophoresed at a constant 20 mA through a 10% acrylamide gel containing SDS until the dye front ran off the gel. The gel was stained with Coomassie blue stain, and bands were quantified using the software ImageQuant version 1.2 (Molecular Dynamics).
RESULTS
Effects of temperature on growth of Salmonella serovar Typhimurium and production of P22. Yields of infectious particles of P22 [13 H101 (Am) C 1 7] phage have been reported to decrease with increasing temperature above a plateau range of 30 to 39°C (26) . This might reflect breakdown of heat-sensitive biosynthetic processes within the host cells. Comparison of the growth rates of the Salmonella serovar Typhimurium host cells and phage P22 particles produced was performed at 30, 37, 39, 40, 41, 42, and 43°C.
The upper thermal limit of vegetative growth for Salmonella serovar Typhimurium in this experiment was 42°C. The temperature regime of P22 production did not parallel the range favored by its host but, rather, sharply declined at 40°C, 3°C lower than the temperature at which Salmonella serovar Typhimurium growth became undetectable. As seen in Fig. 2 , the optimal growth rate of Salmonella serovar Typhimurium was at 37°C. At this temperature, the burst size of P22 was approximately 150 phage/cell. At 40 and 41°C, the host's growth rate was approximately 95% of the maximum growth rate. In contrast, at 40°C, P22 PFU decreased 10-fold, while at 41°C a 100-fold decrease in PFU was observed.
This result indicated that the observed deficit in phage production was not due to the thermally induced failure of some host process but rather resulted from the loss of an essential phage process, such as transcription, replication, protein production, DNA packaging, or virion assembly. As the initial steps of infection occurred at 37°C, with a subsequent shift to a target temperature, the loss of infectious particles at high temperatures was not due to a defect in the infection-absorption process.
Examination of phage formed at high temperatures. To identify the thermolabile process causing the loss of infectious particles at higher temperatures, a closer examination of particles formed at all temperatures was undertaken. Exponentially growing cultures at 37°C were infected with phage at an MOI of 10. After phage absorption, the cultures were shifted to 30, 37, 39, 40, 41, 42, or 43°C. Infected cells were collected by low-speed centrifugation and lysed, and phage particles were then purified by use of CsCl step gradients. Figure 3a shows the results of SDS gel electrophoresis of purified particles. Coat protein, seen at a position corresponding to a molecular mass of 45 kDa, dominated the pattern. Also resolved were the products of gene 1 (portal protein), gene 9 (tailspike adhesin), and genes 16 and 20 (DNA injection proteins) (35) . The ratio of these structural proteins was relatively constant at lower temperatures. However, samples produced from lysates of infected cells incubated at high temperatures exhibited decreased intensity of the tailspike band. Tailspike binding, the last step in phage assembly, yields from zero to six trimers per head (6, 26) . To measure this process with greater sensitivity, the amount of tailspike per DNA-containing phage head was assessed.
The ring of P22 portal protein is required for DNA packaging and is present in the constant proportion of 12 protein subunits per DNA-containing phage head (3). Thus, the quantity of portal protein is directly proportional to the number of DNA-containing phage heads in the sample. The ratio of the amount of tailspike chains to the amount of portal protein chains, seen at 96 kDa, in each sample was determined. This ratio of tailspike chains to portal chains decreased as the temperature at which infection occurred increased, indicating that fewer tailspike adhesins were attached to the DNA-containing 
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phage heads at high temperatures (Fig. 3B ). This loss of bound tailspike was not due to thermal denaturation of mature tailspikes, as the thermal denaturation midpoint temperature for these structures is 88°C and they are resistant to intracellular degradation (39) . The tailspike deficit could reflect either a defect in their production at high temperatures or a defect in the portal vertex site to which they bind. This was resolved by determining whether the phage heads found at high temperatures could be converted to infectious particles by incubation with exogenous native tailspikes. In this tailing assay (Fig. 4) , P22 infectious particles were generated upon mixing of tailspikeless DNAcontaining phage heads with exogenous native tailspike (6, 26) . The tailing assay indicated that addition of native tailspike to samples produced at high temperatures increased infectivity up to fivefold. Thus, the heads were competent to bind tailspike. The increase in number of infectious particles was an indication that many DNA-containing phage heads produced at higher temperatures were lacking sufficient tailspikes for infectivity.
In vivo, the lack of tailspikes at higher temperatures may be due to (i) misfolding and aggregation of the adhesins, (ii) slower synthesis of these adhesins, or (iii) a failure of these adhesins to successfully attach to the phage heads. To distinguish between translational and folding defects, we quantified the amount of native tailspike and partially folded tailspike intermediates produced within the cell at each temperature. This is possible through SDS-PAGE analysis, as native tailspike is not denatured by SDS unless it is boiled (14, 39) . Thus, in unboiled samples on SDS gels, native tailspike electrophoreses with a mobility different from that of partially folded chains, which form conventional SDS-polypeptide chain complexes (14) .
The lysates described above accumulated very little free native tailspike, presumably due to the rapid assembly of native trimer onto mature phage heads formed within infected cells. This suggested that the high-temperature-related problem was not failure of the assembly of native tailspike onto phage heads. Although native tailspike is thermostable, the presence of a thermolabile intermediate in the folding pathway has been well documented (21, 22) . To examine chain folding and assembly in vivo, we used a P22 strain [2 H200 (Am)/13 H101 (Am) C 1 7] containing an amber mutation in the DNA-packaging protein encoded by gene 2 (1). This mutation prevents the packaging of phage DNA into newly formed procapsids, thereby preventing addition of the neck protein and prolonging lysis. As a result, all newly synthesized tailspike chains remain in the cytoplasm (30) . In addition, unpackaged DNA also is involved in upregulating the total amount of tailspike synthesized.
Exponentially growing cells were infected with P22 2 Ϫ at 37°C. Samples of the culture were incubated at 30, 37, 39, 40, 41, 42, and 43°C, harvested by low-speed centrifugation, and lysed. Using SDS-PAGE analysis and Coomassie blue staining, we were able to quantify the amount of native tailspike, folding intermediates, and coat protein within each lysate (Fig. 5) . The native trimers are easily distinguishable from partially folded species in unboiled samples electrophoresed through SDSacrylamide gels, as only the native trimer is resistant to SDS denaturation and, consequently, migrates toward the top of the gel (14) . All other tailspike chains-misfolded, aggregated, and folding intermediates-denature in the presence of SDS and migrate to a position corresponding to a molecular mass of 72 kDa (14, 22) .
For each sample, the ratio of native tailspike to SDS-sensitive tailspike species and the ratio of total tailspike (native plus SDS sensitive) to coat protein were determined (Fig. 5B) . The total-tailspike sample values were normalized to the amount of coat protein present. Similar quantities of tailspike were present in all lysates tested except for that produced at the highest temperature, 43°C. At that temperature, there was a substantial decrease in the amount of coat protein synthesized. The high ratio of total tailspike to coat protein may have been the result of this large decrease in coat protein. This result implies that the high-temperature (up to 42°C) defect in P22 formation is not the result of a decrease in the rate of tailspike polypeptide synthesis.
To rule out the possibility of an assembly defect at high temperatures, we examined the ratio of native tailspike to partially folded or assembled SDS-sensitive tailspike species in each lysate. An observed increase in this ratio in cells incubated at higher temperatures would indicate that the protein was capable of folding at higher temperatures but was unable to attach to phage heads, while a decrease in this ratio would indicate a thermally induced folding defect in the adhesin.
The results of an SDS-PAGE analysis of DNA-packagingdefective lysates are presented in Fig. 5B . A decrease in the ratio of native tailspike to SDS-sensitive tailspike species is evident. This indicates that a thermal folding defect is the cause of the loss of infectious particles at elevated temperatures. As the quantity of tailspike chains synthesized remained relatively constant at temperatures up to 42°C, a synthesis defect could also be ruled out. Therefore, it is likely that the thermolability of a tailspike folding intermediate is responsible for the decrease in infectious particles at high temperatures. FIG. 4 . Addition of purified exogenous native tailspike to samples. Native tailspike was added to purified P22 particles; after incubation for 60 min, the samples were plated to determine the phage titer. The ratio of PFU in P22 samples incubated with exogenous tailspike to PFU in P22 samples incubated with dilution fluid was determined and plotted versus the temperature at which the purified P22 particles were assembled. A trend line was added for clarity. Error bars reflect the standard error.
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DISCUSSION
Identification of the thermolabile steps in those microbial processes which limit growth at high temperatures has been difficult. For phage P22 propagating in Salmonella serovar Typhimurium, the yield of infectious P22 particles produced declined at a lower temperature than did the reproductive capacity of the uninfected host cells. A significant loss of infectious P22 particles was observed for lysates incubated at temperatures of 40°C and above, while Salmonella serovar Typhimurium was capable of growth at temperatures up to 42°C. This suggested that the formation of some phage component was limiting the yield at higher temperatures. By infecting cells at the permissive temperature of 37°C and shifting them to higher target temperatures, we were able to control for potential thermal defects in adsorption of the phage.
Close examination of purified particles produced at high temperatures revealed a decrease in the amount of tailspike adhesin attached to DNA-containing phage heads. The heads that lacked tailspike were capable of binding exogenous active tailspike, indicating that the defect was not in the capsid structure.
SDS-PAGE analysis of crude lysates of cells infected with P22 terminase mutants showed that similar quantities of tailspike chains were produced at all temperatures, indicating that the loss of tailspike at high temperatures was not the result of a thermal defect in transcription or translation. The ratio of native tailspike to total tailspike chains decreased with increasing temperature, an indication that the lack of tailspike adhesins was due to misfolding of these polypeptide chains rather than to a defect in their synthesis or in the ability of the native trimer to bind the phage capsid.
The tailspike folding pathway, which has been well characterized experimentally, proceeds through several intermediates before achieving the native structure (7, 29) . This pathway proceeds through a thermolabile folding intermediate, which
aggregates into an inclusion body if folding occurs at high temperatures (21, 22) and prevents the production of native tailspike (Fig. 1A) .
The native tailspike is a homotrimer. Each of the three chains has a parallel ␤-helix region that terminates in a triple ␤-helix formed by the wrapping of the three peptide chains around each other. Using the extended lateral surface of the parallel ␤-helix, native tailspike binds the host's LPS (37). Kreisberg et al. showed that the triple-␤-helix motif gives the native trimeric protein extra stability (31) . The most likely thermolabile motif within the tailspike adhesin is the parallel ␤-helix formed by each chain within the structure (21, 29, 34, 39) .
It is not clear why the folding of the tailspike adhesin is the most thermally sensitive process in the production of mature P22 particles. The tailspike structure contains two relatively rare protein motifs: the parallel ␤-helix (38) and the triplestranded ␤-helix (42). It is possible that the folding intermediates for these domains are intrinsically thermolabile. Mutational studies of the tailspike have revealed the existence of a substantial number of single-amino-acid, temperature-sensitive-folding mutations within the parallel ␤-helix (21).
An alternative explanation for the thermolability inherent in the folding pathway is the lack of a helper chaperone. Brunschier et al. (8) showed that tailspike intermediates, unlike the P22 coat protein, were not rescued by E. coli's GroEL/ES chaperone system (8). Gordon et al. (17) examined several temperature-sensitive-folding mutants of both the tailspike and coat proteins in conjunction with overexpression of GroEL/ES. The coat protein mutants were rescued from thermally induced aggregation by chaperone overexpression, while the tailspike mutants could not be rescued in this manner (17) . The 666-amino-acid tailspike chain may be too large for the lumen of the GroEL/ES chaperone. The decline in native tailspike yield is presumably a consequence of both the intrinsic ther-
FIG. 5. SDS-PAGE analysis of P22 2
Ϫ DNA-packaging-defective lysates. (A) Cells were incubated for 2 to 3 h at selected temperatures, pelleted, and lysed by sonication. Lysates were DNase I treated and loaded, without boiling, on a 10% acrylamide gel containing SDS. Protein bands were visualized using Coomassie blue stain. (B) Analysis of native and partially folded tailspike chains (gray bars). Relative quantities of native tailspike, partially folded tailspike, and coat protein (white bars) were determined by analyzing a Coomassie blue-stained SDS-acrylamide gel with ImageQuant software (Molecular Dynamics). The ratio of native tailspike chains to partially folded tailspike chains versus temperature is in gray, and the ratio of total tailspike chains to coat chains versus temperature is in white. A trend line was added for clarity. Error bars reflect the standard error, as determined from three gel quantification replicates.
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PROTEIN FOLDING FAILURE AND GROWTH OF PHAGE P22 4845 molability of the partially folded intermediates and the inability of GroEL to chaperone the species. There is likely to be a strong selection for host recognition adhesin function within the host-phage ecosystem. We suspect that the stability and efficacy of the tailspike's native state balance the folding and assembly disadvantages of this motif at higher temperatures.
In the above discussion, we assume that the folding problem is intrinsic to the biochemistry of the parallel ␤-helix motif. Alternatively, this loss of tailspike yield could be an evolved response of P22 that allows for a reduction of the phage population when the host is experiencing stress. For example, under nutrient-poor conditions, the T4 coliphage Wac protein will bind the long tail fibers of the phage into an upright position, thereby preventing infection of the host (9) . It is possible that the sensitivity of the folding of the parallel ␤-helix to elevated temperatures is a similarly evolved response preserved to prevent phage propagation in times of host stress.
It is likely that prior to the evolution of warm-blooded organisms, the early ancestors of Salmonella spp. were adapted to a soil or an aquatic environment. In the aquatic regime, temperatures rarely (if ever) reach 40°C, while a soil environment may experience large temperature fluctuations over brief periods of time. Both scenarios would select for a mature protein motif that is highly stable and resistant to external stresses such as proteases and temperature. Modern Salmonella spp. are capable of propagating outside the body and are exposed to diverse temperature regimes. With the evolution of warmblooded organisms and subsequent adaptation of Salmonella spp. to the guts of these animals, the parallel ␤-helix may have been retained through selection for native properties.
In the marine environment, primary producers such as cyanobacteria are subjected to a very limited range of environmental temperatures. Phages whose morphologies resemble those of enteric phages have been isolated from marine synechococcal strains (41) . We are presently examining whether the formation of phage structural proteins is a rate-limiting step in the production of cyanophages of the marine genus Synechococcus.
